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Nicotine is commonly considered to be the primary addictive constituent in tobacco 
products. Therefore, research focused on nicotine and its effects is necessary for understanding 
nicotine dependency and in developing potential cessation treatments. Research has confirmed 
the relevance of learning processes associated with nicotine and their influence on the 
development of addiction. Conditioning involving interoceptive stimuli is increasingly cited as 
playing a role in many diseases, psychopathologies, and drug addiction. The internal stimulus 
effects of nicotine can form associations with other reinforcing stimuli through a process of 
Pavlovian conditioning where nicotine is the conditioned stimulus. In this way, nicotine acquires 
control over drug-seeking behavior. There is also the potential that a learning history with 
interoceptive conditioning could alter the relative reinforcement effects of nicotine. The 
purpose of the present study is to determine how a conditioning history with the stimulus 
effects of (IV) nicotine will affect subsequent nicotine self-administration in rats. Following an 
initial conditioning phase, rats were allowed to self-administer nicotine before undergoing an 
extinction and nicotine-primed reinstatement phase. Learning history significantly affected self-
administration with the paired nicotine group showing elevated numbers of earned drug 
infusions compared to the unpaired nicotine group and both the paired and unpaired saline 
groups. However, there were no definitive group differences within the extinction and 
reinstatement phases of the experiment. These findings suggest that appetitive interoceptive 
conditioning can amplify the reinforcement effects of nicotine, which can subsequently 
enhance nicotine self-administration. 
Keywords: Nicotine, Appetitive reinforcement, Pavlovian conditioning, Tobacco, Drug 
discrimination, Reward enhancement 





Tobacco use is associated with 480,000 deaths each year in the U.S. alone and is the 
leading cause of preventable disease, disability, and death in the world (United States 
Department of Health and Human Services, [USDHHS], 2020). Currently, 34.2 million adults in 
the U.S. smoke cigarettes. Of these individuals, 70% expressed a desire to quit with thousands 
attempting to do so each day (USDHHS, 2020). However, the success rate of those attempting 
to quit is low (7.5%) with most people relapsing within the first week (Creamer, 2019). There is 
also an increasing use and popularity of electronic nicotine delivery systems that are largely 
unregulated with health impacts that are not fully understood. Nicotine is the primary addictive 
constituent of tobacco and key-active ingredient in e-cigarettes (National Institute on Drug 
Abuse [NIDA],2018). As such, research focused on the mechanisms that drive and maintain 
nicotine dependence is necessary for developing cessation treatments and for solving this 
major health problem.  
 Nicotine is complex in the biological and behavioral ways that it motivates tobacco use. 
Previous research has demonstrated that the primary rewarding effects of nicotine alone are 
markedly weak compared to the potent reinforcement effects of other commonly abused 
stimulants (USDHHS, 1988; Koffarnus, 2015). In light of the prevalence of nicotine addiction, 
other contributing factors need to be considered to obtain a complete representation of how 
nicotine acquires control of behavior. This includes the secondary reinforcement effects of 
nicotine-associated environmental stimuli (Caggiula, 2009), nicotine’s function as a reward-
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enhancer of other reinforcing stimuli, and interoceptive conditioning involving the nicotine 
stimulus which is the focus of the present research (Barrett, 2012).  
 Interoception refers to the awareness of the internal conditions of the body such as 
hunger, pain, or drug intoxication. Behavior is motivated both by stimuli outside (exteroceptive) 
and inside the body (interoceptive) (Bevins, 2012). Cardiovascular disease, mental health 
disorders, obesity, and drug addiction are all health conditions that have been studied in 
relation to a learning history that modifies behavior and physiological processes controlled by 
interoceptive stimuli (Koroboki, 2010; Murray, 2009b; Paulus, 2010). Of particular note, is the 
idea that learning history can alter the behavior regulated by drug stimuli (Besheer, 2014).  
Conditioning with the stimulus effects of nicotine is mediated by nicotinic acetylcholine 
receptors in the central nervous system (Gotti, 2010). Nicotine produces distinct internal 
pharmacological cues that can form associations with other rewards and guide behavior 
(Thompson, 2019). One approach for research investigating interoceptive conditioning with 
nicotine is to monitor goal-tracking in rats. In a Pavlovian conditioning task, nicotine is the 
internal conditioned stimulus that can be modified through learning when reliably associated 
with an unconditioned stimulus. To relate this to smoking, an unconditioned stimulus could be 
a break from work, social interaction, food, or other drugs that are consistently paired with 
nicotine (Pittenger, 2013). In this task, rats were given intermixed days of saline and nicotine 
injections where nicotine days were paired with intermittent access to liquid sucrose (the 
unconditioned stimulus). On the days where saline was injected, sucrose was withheld. The 
injection of nicotine came to control an increase in approach to the sucrose dipper (goal-
tracking) relative to the saline injection (Farwell, 1979; Pittenger, 2013).  
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This approach and its findings have also been confirmed in an intravenous (IV) model of 
nicotine administration (Murray, 2009a). IV administration of nicotine is an animal model that 
more closely resembles smoking due to the route of administration causing nicotine levels in 
the brain to increase faster compared to a subcutaneous injection of nicotine. This model also 
allows for self-administration of the drug which can be used to evaluate its reinforcement 
effects. Rats that have undergone surgery to implant a jugular catheter have the opportunity to 
respond on an active nosepoke or lever to receive an infusion of a drug. Responding on the 
opposite inactive nosepoke or lever leads to no consequence. Reinforcement effects are 
measured by maintained behavior responding on the active lever or nosepoke and not on the 
inactive (Murray, 2009a). 
Additionally, IV administration allows for multiple infusions of nicotine throughout a 
session. In this way, a cumulative dosing regimen can be studied. IV administered nicotine has a 
half-life of approximately 50 minutes (Booze, 1999). This means that the first infusion during an 
experimental session is the only one administered where there is no nicotine currently present 
in the animal’s system. Each ensuing infusion has some level of nicotine remaining from earlier 
infusions (Murray, 2009a). This design may mimic what is seen in human smokers where the 
first cigarette of the day introduces nicotine into their system with each subsequent cigarette 
elevating the nicotine levels above the uncleared nicotine still in their body. 
In a previously conducted IV model studying interoceptive conditioning, rats received a 
series of nicotine infusions throughout a two-hour period and were divided into a paired and 
unpaired group. The paired group received a sucrose presentation directly following a drug 
infusion whereas the unpaired group had a delayed amount of time (>240 seconds) between 
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the infusion and the sucrose presentation. Similar to research in subcutaneous injection 
models, IV nicotine was found to acquire control over goal-tracking. This experiment also 
determined that non-associative properties of nicotine, such as motor stimulation or 
sensitization, were not responsible for the increased goal tracking (Murray, 2009a).  
Based on these findings, it was hypothesized that nicotine might be acquiring additional 
reinforcement value through the appetitive conditioning process. The current study aims to 
determine how a history of appetitive interoceptive conditioning with nicotine effects 
subsequent self-administration, extinction, and reinstatement in rats. If conditioning history 
does enhance the rewarding effects of nicotine, it is predicted that there will be an increase in 
self-administration of nicotine and that these differences in drug-seeking behaviors may persist 
throughout extinction and reinstatement of nicotine.   
Methods 
Subjects 
 Thirty-one experimentally naïve Sprague Dawley rats (n=12 females, 19 males) were 
ordered from Envigo (Indianapolis, IN.) at approximately 9 weeks of age. The rats were housed 
individually in clear polycarbonate tubs (35.5 x 32 x 18 cm; l x w x h) lined with TEK Fresh 
bedding in a temperature and humidity-controlled colony room. All rats had free access to food 
(Harlan Teklad Rodent Diet) and water during an acclimation period where they were handled 
two minutes per day for three days. For the duration of the experiment, rats were kept at 90% 
of their free-feed weight. All sessions were conducted during the light phase of a 12-hour 
light/dark cycle. Protocols were approved by the University of Nebraska-Lincoln Institutional 
Animal Care and Use Committee. 
 




 Experiments were conducted in ten conditioning chambers (ENV-008CT; Med Associates 
IV, Georgia, VT: 30.5x24.1x21.0 cm; l x w x h) located within light and sound-attenuating cubes 
fitted with a fan to provide ventilation.  Each chamber had a polycarbonate ceiling, front wall, 
and back wall with metal rod floors and aluminum sidewalls. A recessed dipper receptacle 
(5.2x5.2x3.8; l x w x h) was centered on the right sidewall where a dipper arm raised to provide 
0.1 ml of 26% sucrose solution. An infrared beam was located 1.2 cm within the receptacle and 
3 cm from the chamber floor to monitor head entries into the dipper receptacle. An additional 
infrared beam was positioned 14.5 cm from the sidewall containing the receptacle and 4 cm 
above the rod floor to measure general locomotor activity in the chamber. During the self-
administration phase of this experiment, infrared monitored nose-pokes were installed on the 
left sidewall of the chamber. A computer-controlled variable speed syringe pump (Med-
Associates, PMH-100VS) located outside of the cubicle allowed for intravenous (IV) infusions of 
nicotine or saline. Tygon tubing extending from the syringe pump was threaded through a 
spring leash into the chamber and secured to the catheter below the scapula of the rats. Within 
the chambers, spring leashes were mounted with a swivel and movable arm to allow mobility. 
Data collection and programmed experimental events were controlled using Med Associates 
interface and software (Med-PC for windows, Version IV).   
Drugs 
(-)-Nicotine hydrogen tartrate (Sigma, St. Louis, MO, USA) was dissolved in 0.9% sterile 
saline and adjusted to a pH of 7.0 ± 0.2 with a dilute NaOH solution. Nicotine doses are 
Running head: ENHANCING THE REWARDING EFFECTS OF NICOTINE 
 
8 
reported in the base form. Nicotine was administered intravenously (37 uL/sec) at a dose of 
0.03 mg/kg/infusion based on rat’s individual daily weights.  
Surgical Procedures 
Following colony room acclimation, rats underwent surgery to implant an indwelling 
jugular catheter for IV nicotine administration. Each rat was anesthetized with an intramuscular 
injection (1ml/kg) of ketamine hydrochloride (100mg/ml) plus xylazine hydrochloride 
(20mg/ml) cocktail (Midwestern Veterinary Supplies, Des Moines, IA) and prepared for surgery. 
One end of a silastic catheter was implanted into the external jugular vein. The other end of the 
tubing was threaded subcutaneously over the shoulder attaching below the scapula to a metal 
cannula within a backmount. Atipamezole (0.5 mg/kg: Sigma) was administered to terminate 
anesthesia. Buprenorphine (0.1 mg/kg: Sigma) was injected immediately following surgery and 
again 24 hours later to manage postsurgical pain. Rats recovered over a 7 day period during 
which catheters were flushed daily with a solution of 0.1ml sterile saline mixed with Heparin 
(30 U/ml; Midwest Veterinary Supply) to reduce non-patency due to blood clotting and Baytril 
(5.0 mg/ml; Midwest Veterinary Supply; Lakeville, MN) to prevent infection.  
Preliminary Dipper Training  
After recovering from surgeries, rats had 2 days where they were trained to access 26% 
liquid sucrose from the dipper receptacle. These sessions consisted of 60 noncontingent 
sucrose presentations delivered at a variable time schedule throughout a 90-minute session. 
The average time between sucrose presentations was 90 seconds. During the sucrose 
presentation, rats had a 4-sec interval to access the sucrose. 
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Nicotine Interoceptive Conditioning 
Following preliminary training, rats were randomly assigned to one of four treatments 
(n=7-8 per group) based on drug infusions (nicotine or saline) and group (paired or unpaired 
sucrose presentation). Rats had daily sessions lasting 2-hr where they received 10 
noncontingent infusions of either nicotine or saline. Prior to each session, catheters were 
flushed with 0.1-ml heparin (30 U/ml) in sterile saline. Infusions were delivered at a variable 
time schedule with sucrose presented either 30-sec after the infusion (paired group) or 240-sec 
after the infusion (unpaired group). Each sucrose presentation lasted 4 seconds. Rats 
underwent 24 sessions of conditioning. In this phase, the dependent measure was the mean 
elevation of dipper entries in the 30-seconds after the infusion compared to the number of 
dipper entries in the 30-seconds preceding the infusion. 
Self-Administration 
Following conditioning, rats began the self-administration phase lasting 14 sessions. 
Rats no longer received any sucrose presentations, and a response on the active nose-poke 
initiated the infusion of nicotine or saline depending on the group. Responses on the inactive 
nose-poke resulted in no consequences but were recorded for discrimination testing. Nose-
poke assignment of “active” and “inactive” was counterbalanced across rats within groups. Rats 
were allowed to nose-poke for infusions on a progressive ratio schedule over the two-hour 
session. The progressive ratio schedule had each subsequent infusion produced by a higher 
number of active nose-pokes. There was a time-out period of 3 seconds following each earned 
infusion to prevent rapid drug intake. The number of active nosepokes and earned infusions 
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were recorded throughout the sessions. Discrimination between the active and inactive 
nosepokes was also assessed to determine levels of non-specific responding.  
Extinction 
The Extinction phase began 24 hours after the final self-administration session and 
lasted for 10 sessions. These sessions were procedurally identical to self-administration 
sessions except all rats received saline infusions.  
Nicotine-primed Reinstatement 
Twenty-four hours after the final extinction session, rats underwent a single session of 
nicotine-primed reinstatement testing. All rats received 3 nicotine infusions on a pre-
determined time schedule with the caveat that a rat who was inactive for longer than 30-
seconds would receive an infusion ahead of the specified time. Similar to the extinction phase, 
rats were unable to earn infusions by responding on the nosepoke.  
Data Analysis 
Dipper entries, number of infusions, active lever responding, and discrimination index 
were analyzed by separate 3-way (Drug x Group x Session) mixed measures analysis of variance 
(ANOVA) with session as a within-subject factor and drug and group as between-subject factors. 
Statistical significance for all analyses was set at p < 0.05, and Holm was utilized post-hoc to 
adjust for multiple comparisons of behavioral data.  
Results 
Nicotine interoceptive conditioning 
 Figure 1 presents the results for the conditioned responding as a measure of mean 
elevation in which rats received either paired or unpaired nicotine or saline. Paired nicotine 
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quickly acquired control of goal-tracking, evoking entries into the dipper receptacle in the 30 
seconds preceding sucrose presentations at levels significantly above unpaired nicotine and 
both paired and unpaired saline.  Analysis showed there was a main effects of group 
[F(1,27)=15.46;  p<0.001], drug [F(1,27)=4.91; p=0.035], and session [F(23,621)=1.86; 
p=0.0086]. Furthermore, there was significant interactions of group x drug [F(1,27)=4.70; 
p=0.032] , group x session [F(23,621)=2.47; p=<0.001], and drug x session [F(23,621)= 1.63; 
p=0.033]. However, the group x drug x sessions interaction was not significant [F(23,621)=1.25; 
p=0.19]. Post-hoc analysis on the three-factor interaction revealed that elevation scores were 
significantly higher for the paired nicotine group compared to the unpaired nicotine group for 
sessions 4-24. 
Self-Administration 
The number of active nosepokes during the PR schedule across sessions of the self-
administration phase are illustrated in Figure 2. A conditioning history of paired sucrose 
presentations with nicotine increased the frequency of responding on the active nosepoke and 
by association, the number of drug infusions received relative to the unpaired nicotine and 
both the paired and unpaired saline groups. Analysis showed the significant effects of group 
[F(1,27)=11.78; p=0.0019], drug [F(1,27)=19.76; p=0.<0.001], and session [F(13,351)=3.59; 
p=<0.001] with significant interactions of group x drug [F(1,27)=10.08; p=0.0037]  and drug x 
session [F(13,351)=5.84; p=<0.001]. There was no significant group x session interaction 
[F(13,351)=1.49; p=0.117] or group x drug x session interaction [F(13,351)=1.54; p=0.099]. Post-
hoc analysis showed that responding on the active nosepoke was significantly higher for the 
paired nicotine group compared to all other groups on sessions 2-14. 
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Figure 3 shows the discrimination index as a measure of intentional drug administration 
comparing the number of active nosepokes to the total number of nosepokes (active and 
inactive) across the sessions of the self-administration phase. Conditioning history significantly 
affected rat’s ability to discriminate between the active and inactive nosepoke. The paired 
nicotine group was the only one to demonstrate consistent acquired behavior reaching the 80% 
discrimination threshold. All other groups demonstrated insufficient stimulus effects. There 
were main effects of group [F(1,27)=5.25; p=0.030] and session [F(13,351)=6.79; p=<0.001] but 
not drug [F<1]. The drug x session interaction was significant [F(13,351)=2.29; p=0.0064], but 
neither the group x drug [F<1] nor the drug x session [F<1] interactions were significant. The 
group x drug x session [F(13,351)=1.06; p=0.39] was also not significant.  
Extinction 
 Analysis of the responding on the active nosepoke during the 10 sessions of extinction 
showed significant main effects of drug [F(1,27)=15.76; p=<0.001] and session 
[F(9,243)=15.757; p=<0.001] but non-significant effects of group [F(1,27)=3.18; p=0.086]. There 
were significant interactions between group x session [F(9,243)=4.48; p=<0.001] and drug x 
session [F(9,243)=8.24; p=<0.001] but not of group x drug [F(1,27)=3.15; p=0.087. The group x 
drug x session interaction was also significant [F(9,243)=2.91; p=0.0027]. Further analysis of 
individual sessions showed that there was a difference in responding between the paired and 
unpaired nicotine groups on sessions 1 and 4, but it was insignificant in all other sessions. There 
were no reliable group differences throughout extinction, with all groups showing similar levels 
of responding by the end of the 10th session (figure 4).  
 




 Responding during the final day of extinction is shown along with responding for a single 
session of nicotine primed reinstatement in Figure 5. Analysis showed main effects of drug 
[F(1,27)=9.108; p=0.0055] and session [F(1,27)=15.14; p=<0.001] but no significant effect of 
group [F<1]. There was a significant interaction of drug x session [F(1,27)=14.10; p=<0.01], but 
all other interactions were not significant group x drug [F(1,27)=1.74; p=0.20], group x session 
[F=<1], group x drug x session [F<1]. There were no reliable group differences in the 
reinstatement phase.  
Discussion 
Supporting previous results, the interoceptive conditioning phase in this study showed 
that the central nervous system (CNS) effects of IV nicotine can serve as a conditioned stimulus, 
and nicotine quickly acquired control over goal tracking in the paired group (Murray, 2009a). In 
the conditioning phase, all treatment groups displayed similar levels of dipper entries preceding 
the drug infusions. Although the unpaired group received an equal number of drug infusions 
and sucrose presentations, only the paired nicotine rats showed conditioned responding with 
an elevation in dipper entries immediately following the infusion. This suggests that the 
nicotine stimulus and the unconditioned stimulus of the sucrose presentation need to occur in 
close temporal proximity for nicotine to acquire the goal-tracking behavior that was seen in the 
paired group. Additionally, the paired saline group did not demonstrate goal-tracking and did 
not show any significant differences from the unpaired saline group. Together, this 
demonstrates that nicotine served as the stimulus for acquiring behavior as opposed to the 
perception of receiving an infusion of a vehicle.  
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Moving into the next phase, appetitive conditioning with the nicotine stimulus may have 
enhanced the reinforcement effect of nicotine. This, in turn, increased the acquisition and 
maintenance of nicotine self-administration. This is evidenced by the paired nicotine group self-
administering at higher levels than all other treatment groups and maintaining a discrimination 
level above 80%. Notably, the unpaired nicotine group had a lower level of administration 
compared to the paired nicotine group. This suggesting that a previous history of nicotine 
exposure alone did not increase subsequent nicotine self-administration. The fact that the 
paired saline group also had a lower level of administration indicates that having simply 
received sucrose in general (>240 seconds after the infusion) was not a driving factor in 
subsequent self-administration. In particular, it was the learning history directly associating 
nicotine and sucrose in the paired group that lead to an enhancement of self-administration.  
The addition of an extinction and reinstatement phase to this experiment allowed for 
another measure of learning with some potential implications on how nicotine functions during 
the process of attempting to quit and relapsing. The paired nicotine group shows a pattern of 
decreased responding over the ten sessions. However, definitive differences between groups 
were not observed in the extinction or reinstatement phases of this experiment. All groups 
reached similar levels of responding on the active nosepoke by the end of the extinction phase, 
and there were signs of reinstatement in the nicotine groups. Interestingly, the paired nicotine 
group maintained discrimination between the active and inactive nosepoke throughout 
extinction and into reinstatement whereas none of the other groups ever reached reliable 
levels of discrimination throughout any of the phases of the experiment.   
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The conclusion that an interoceptive conditioning history can alter nicotine’s ability to 
acquire control over drug-seeking behaviors has relevant theoretical and practical implications 
in our understanding of the etiology of nicotine dependence. It further elucidates on factors 
contributing to persistent abuse of nicotine and prompts additional research to consider the 
role of interoception and conditioning history when analyzing drug use. Although the research 
conducted cannot be directly translated into a human practitioner setting, these findings could 
be utilized to refine behavioral and pharmacological strategies in relation to what is known 
about interoceptive conditioning. Behavioral therapy as a smoking cessation technique has 
been implemented with limited success. This may be improved by considering the conditioned 
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Figure 1 Conditioned responding as a measure of mean elevation of dipper entries 30 seconds 
before and 30 seconds after drug infusions across 24 sessions for the four administration 
conditions of paired nicotine, unpaired nicotine, paired saline, and unpaired saline. Learned 
association between the drug infusion and sucrose presentation was most significant in the 









Figure 2 Active Nosepokes under the conditions of paired or unpaired nicotine and saline on 
behavior maintained by a PR schedule of earned infusions over the 14 sessions of the self-
administration phase. Conditioning history significantly affected self-administration with the 
paired nicotine group exhibiting the highest response rates. * denotes significant differences 
(p<0.05) between groups 
* 




Figure 3 The discrimination index as a measure of intentional drug administration comparing 
the number of active nosepokes to the total number of nosepokes (active and inactive) for 
paired and unpaired nicotine and saline groups across the 14 sessions of self-administration. 
The paired nicotine group was the only treatment group to demonstrate consistent acquired 
behavior. * denotes significant differences (p<0.05) between groups 
* 




Figure 4 Number of responses recorded on the previously active nosepoke for rats in the paired 
and unpaired nicotine and saline group during the ten sessions of extinction. Responding on the 
active nosepoke resulted in saline infusions only. There is evidence of extinction of nicotine 
seeking in rats with all treatment groups ending with similar levels of responding. * denotes 
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Figure 5 Number of responses recorded on the previously active nosepoke for rats in the paired 
and unpaired nicotine and saline group during the final session of extinction and for a nicotine 
primed reinstatement session. Responding on the active nosepoke was not reinforced with a 






















Figure 6 The discrimination index as a measure of continued specific responding comparing 
number of active nosepokes to the total number of nosepokes (active and inactive) for paired 
and unpaired nicotine and saline groups across the 10 sessions of extinction. The paired 
nicotine group maintained discrimination in responding on the active nosepoke. 




Figure 7 The discrimination index as a measure of continued specific responding comparing 
number of active nosepokes to total number of nosepokes (active and inactive) for paired and 
unpaired nicotine and saline for the 10th session of extinction and the nicotine primed 
reinstatement session. The paired nicotine group maintained discrimination in responding on 
the active nosepoke. 
 
